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Resonant Raman Scattering from Iodine: Spectral Changes with Excitation Frequency 
P. F. Williams and D. L. Rousseau 
Bell Lahovatovies, AJuvvay Hi l l ,  New Jersey 07974 
(Received 12 March 1973) 
We have recorded high-resolution resonant Raman spectra of molecular iodine which 
show very pronounced systematic spectral band-shape variations with incident l ase r  
frequency. This frequency dependence and the presence of the multiple overtones in 
resonant Raman scattering from iodine may be explained by a theory in which the scat- 
tering intensity depends on Franck-Condon overlap integrals. We have obtained semi- 
quantitative agreement between the observed spectra and spectra calculated from this 
theory. 
Reports of previous Raman studies on molecu- 
l a r  iodine have discussed light scattering below' 
and aboveq3 the ~ ( ~ r I , + , ) - s t a t e  dissociation l imit  
(20 1 6 2  cm-l). Resonant Raman scattering above 
the dissociation limitz3 i s  characterized by sever-  
a l  overtones, each exhibiting a complex structure.  
The details of this s t ructure  were attributed to 
0, Q, and S ground-electronic-state X(IC,+,) vi- 
brational-rotational branches of several  thermal- 
ly populated hot bands.= Although i t  has been 
shown3 that frequencies of the discrete  features  
of the spectra  result  f rom bandheads of S and Q 
branches (the 0 branch resul ts  only in broad 
s t ructureless  scattering3), no explanation has  
been given for the relative intensities of these  
features.  Furthermore,  pr ior  investigations of 
scattering above the B-state dissociation limit 
have reported only on spectra  obtained with 4880- 
excitation and no mention was made of s t ruc-  
tura l  changes occurring with different l a se r  f r e -  
quencies. In this Let ter  we wish to repor t  very 
marked changes in the spectrum a s  a function of 
the incident l a se r  frequency above the B-state 
dissociation limit. We attribute these changes to 
a variation in the magnitude of the Franck-Con- 
don overlap integral and discuss  a theory f rom 
which we have calculated spectra.  This calcula- 
tion both explains the occurrence of the multiple 
overtones in resonant Raman scattering f rom 
molecular iodine and accounts for the s t ructural  
changes with incident l a se r  frequency. 
The Raman data reported h e r e  were  obtained 
in a standard manner. The gaseous iodine in a 
sample cell  was held a t  a p ressure  of about 25 
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FIG. I .  Experimentally observed and theoretically 
calculated iodine resonant Raman spectra for  the Av" 
= 3  transition. S and Q numbers refer  lo the initial- 
and final-vibrational-state assignments of the S and Q 
branches. 
mm and a temperature of about 420°K. Spectra 
were  obtained a t  excitation wavelengths of 4965, 
4880, 4765, and 4579 A. The l a s e r  power level 
was held constant a t  500 mW. F r o m  the relative 
intensities of the rotational l ines of N,, which 
was added to one sample cell, the iodine temper- 
a tu re  due to heating in the l a se r  beam was deter- 
mined to be 520-620°K depending on the excita- 
tion frequency. 
Iodine resonant Raman spectra  a r e  shown for  
Au"=  3 (the second overtone) in Fig. 1, and for  
Au" = 8 (the seventh overtone) in Fig. 2.' The 
variation of the s t ructural  features of these spec- 
t ra ,  with different l a se r  frequencies, i s  very pro- 
nounced. In spectra  of the second overtone in 
Fig. 1 for  the 4965- and the 4880-A excitations, 
there  i s  a c lear  distinction between the S- and 
Q-branch envelopes. This distinction has disap- 
peared in the 4579-A spectrum. This behavior 
resul ts  f rom the tendency of higher hot bands to 
become more prominent with higher l a s e r  f r e -  
quency. At excitation frequencies just above the 
dissociation limit, the spectra  a r e  dominated by 
transitions originating f rom the v" = 0, 1, 2 vibra- 
tional levels of the ground electronic state.  How- 
ever,  a t  high l a se r  frequencies Raman transi-  
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FIG. 2 .  Experimentally observed and theoretically 
calculated iodine resonant Raman spectra for the Avft 
=8 transition. S numbers refer  to the initial- and fi- 
nal-vibrational-state assignments of the S branches. 
tions originating f rom the higher-energy vibra- 
tional levels (v"> 2) become increasingly impor- 
tant. This behavior is better exemplified in the 
seventh-overtone spectra  in Fig. 2. Here, the 
dominant contributions a r e  f rom S-branch t ransi -  
tions. In the spectrum obtained a t  4965 A only 
the c " = O - c " = 8  and the u l / = l - v N = 9  transitions 
a r e  large. Transitions originating f rom higher 
vibrational levels can hardly be seen. In con- 
t ras t ,  in the spectrum obtained with the 4579-A 
lase r  line, transitions a s  high a s  v N  = 6 - v" = 1 4  
may readily be seen, and the strongest lines in 
the spectrum originate f rom 2 1 "  = 2 - 0" = 10, u" 
= 3 - u U = 1 1 ,  and ~1"=4-11"=12 transitions. A 
similar trend was observed for  the other over- 
tones. 
Scattering f rom the Raman transition l i ) -  I f )  
is customarily treated in second-order perturba- 
tion theory5*%here a component cu of the polari- 
zability tensor may be expressed a s  
Here  w ,  i s  the excitation frequency and the M ' s  
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a r e  total transition amplitudes between the inter- 
mediate state (e) and the initial ( i )  and final ( j )  
states. Near resonance, the second term in Eq. 
(1) is much smaller than the f i rs t  and will be ne- 
glected for the remainder of the discussion. Ap- 
plication of the Born-Oppenheimer approxima- 
tion and the Herzberg-Teller expansion5 sepa- 
ra tes  the matrix elements M into an electronic 
part and a vibrational part. The lowest-order 
term of Eq. (1) then becomes 
As pointed out by A l b r e ~ h t , ~  in vibrational Ra- 
man scattering fa r  from resonance the energy 
denominator in Eq. (2) is nearly constant, so this 
term vanishes because of completeness, and the 
Raman intensity is derived from Eq. (3). How- 
ever, with the excitation frequency well into res -  
onance, a s  is the case in our experiments, in no 
approximation is the denominator in Eq. (2) a 
constant, so the lowest-order term does not van- 
ish and, in fact, i s  expected to be the dominant 
term.' 
@urCC lVee 'Met '(uf " loe (ue ' I vi " )  , (2) To interpret the major features of the iodine 
e ve' %el - (JJO resonance Raman spectrum, we have evaluated 
where M' is now an electronic matrix element a! in Eq. (2) for the continuum 3-state  wave func- 
only, and the terms ( v i n l v , ' ~  and (zi,'lvi"> a r e  tions above the B-state dissociation limit. The 
Franck-Condon overlap intergrals between interatomic potential curves were determined by 
ground- and excited-electronic-state vibrational interpolating between turning points reported 
levels. The next higher-order te rms  a r e  of the froin Rydberg-Klein-Rees calculations by Zareg 
form and Vern1a1' for the X ( ~ C , + ~ )  state, and by Tell- 
inghuisenll for the B(~II,+ ,,) state. The potential 
~ ~ ~ ~ ~ ~ ~ ~ ( v ~ ~ ~ l ~ l ~ ' )  hef l&/uitt)  curve at small internuclear distances above the 
e vel k 
(3) B-state dissociation limit was obtained by ex- 
trapolating from the turning-point curve with an 
where k designates an excited electronic state a + 2 1 / ~ ' ~  function. 
other than e, he, is a perturbation energy result- To evaluate cr for the B continuum states,  the 
ing from the mixing of excited electronic states, summation over v e t  in Eq. ( 2 )  may be replaced 
and Q is the internuclear normal ~ o o r d i n a t e . ~ ' ~  by an  integral. The singularity in the integral 1 may be handled in the usual way 12: 
where 1 2 ) ~ ' )  is the continuum state with energy 
wUe ,, and p(wUe ,) is the density of continuum vi- 
brational states. The continuum wave functions 
for the B state and the discrete wave functions of 
the ground state were calculated numerically by 
the Numerov m e t h ~ d , ~ . ~ ~  and the overlap integrals 
then were evaluated, also numerically. a! was 
determined separately for each value of J ,  To 
avoid recalculating the wave functions for each 
J value, the J dependence of the Franck-Condon 
factors was approximated by shifting the J = 0 
electronic potential functions by the appropriate 
rotational energy. 
By introducing the vibrational and rotational 
population factors, and the rotational-branch in- 
tensity factors a s  given by Placzek and ~ e l l e r , ' ~  
we calculated the intensity of a given vibrational- 
rotational transition.15 A spectral intensity dis- 
tribution was then determined by calculating the 
0-, Q-, and S-branch Raman intensities for each 
of the vibrational-rotational Raman frequencies 
obtained from the latest spectroscopic data.16 
All the rotational levels with significant popula- 
I tion (up to J =  400), and hot bands originating 
from the c"  = 0-9 ground-electronic-state vibra- 
tional levels were included in the calculation for 
each overtone, The calculated spectra were pro- 
duced by convoluting the spectral intensity with a 
two-wave-number rectangular sli t  function. 
Calculated spectra for the second and seventh 
overtones a r e  shown in Figs. 1 and 2, respec- 
tively. Since the 4965-A excitation line is less  
than 100 cm'l above the dissociation limit, a 
spectrum for  this wavelength was not calculated 
since contributions to the scattering from the dis- 
crete  states a r e  expected to be large for this ex- 
citation line. The frequencies of the dominant 
features in the calculated spectra agree with 
those in the observed spectra within experimen- 
tal e r ror .  The absolute intensity of the calculat- 
ed spectrum for each laser  line was scaled to the 
experimental intensity. Except for this scale f ac- 
tor,  these spectra were calculated with 1w adjust- 
able parameters. 
In the calculated spectra, a s  in the observed 
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spectra, the trend toward the dominance of high- 
e r  hot bands a t  higher laser  frequencies may be 
seen. This results from changes in the inagni- 
tude of the Franck-Condon factors with incident 
laser  frequency. In all the calculated spectra 
there is a general weakness of transitions origi- 
nating from the lowest vibrational states (i.e., 
v" = 0,l)  a s  compared with the observed spectra. 
We believe this discrepancy results from our ap- 
proximation that the spectral features a r e  com- 
pletely governed by the B continuum states. We 
have neglected contributions to the sum in Eq. (2) 
from the '11, repulsive state and from the dis- 
crete levels of the B state. 
The ratio of the intensity of the second to sev- 
enth overtone was measured for each laser ex- 
citation frequency, and a calculated ratio was 
also obtained. For spectra taken a t  4579 and 
4765 the calculated and measured intensity ra -  
tios agreed within experimental e r ro r  (- 1%). 
However, a t  4880 A the ratios differed by about 
50%. Again we believe this difference a t  4880 
results from including only the B continuum states 
in our intermediate-state calculation. We have 
not measured the relative intensities of a given 
overtone with laser frequency because variations 
in the absorption coefficient over the range of 
interest and also the thermal-lens effect compli- 
cate the experimental measurement. 
It is expected that the discrete states may make 
contributions to the scattering intensities espe- 
cially for laser  wavelengths near the dissociation 
limit. In addition, recent photodiss~ciation'~ and 
optical-absorption"' experiments have indicated 
that the repulsive state has a non-negligible 
oscillator strength in the part of the spectrum we 
a r e  investigating, and would therefore also make 
a contribution to the Raman scattering intensity. 
However, the position of this repulsive state is 
not well known. Preliminary calculations of res-  
onant Raman spectra including this state give the 
same general trends a s  the spectra calculated 
from the B state only. When trying to obtain a 
quantitative agreement between the observed and 
calculated spectra, we have found that the calcu- 
lated spectrum is extremely sensitive to the posi- 
tion of this potential function. After including the 
contribution of the discrete states to the scatter- 
ing in Eq. (2), it should be possible to determine 
the position of this repulsive potential accurately 
from resonant-Raman-scattering data in this 
frequency region. Other techniques lack compa- 
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